Objective: To determine whether extracranial-intracranial (EC-IC) bypass can improve cognition over 2 years compared to best medical therapy alone in patients with symptomatic internal carotid artery (ICA) occlusion and increased oxygen extraction fraction (OEF) on PET.
failure (increased oxygen extraction fraction [OEF]) compared with best medical therapy alone. Although the parent study, COSS, failed to show a difference in rate of subsequent stroke and death between the 2 treatment arms 6 and was terminated early for futility, thus discontinuing RECON enrollment, RECON completed the 2-year follow-up visits for the already randomized RECON patients. We recently reported that cognitive impairment in our RECON patients at baseline was independently correlated with increased OEF on PET, 4 supporting the hemodynamic hypothesis of cognitive impairment upon which the RECON intervention trial was based. We report the main results of the RECON trial after the 2-year follow-ups were completed. METHODS Research question. Can EC-IC bypass, when added to best medical therapy, improve cognitive function after 2 years in patients with symptomatic ICA occlusion and increased OEF on PET, compared with best medical therapy alone? Class of evidence assigned was Class II.
Subjects. Patients were enrolled into RECON between 2005
and 2010 at academic medical centers if they met the following inclusion criteria: 1) age 18 to 85, 2) complete ICA occlusion (confirmed by catheter angiography prior to randomization), 3) hemispheric TIA or minor stroke in the territory of the carotid occlusion within 120 days prior to enrollment, 4) Barthel Index $12/20 at the time of enrollment (after the qualifying event), 5) education level .4 years, 5) no prior diagnosis of dementia. Nonatherosclerotic causes of carotid occlusion were excluded based on all available clinical data. TIA was defined clinically as having no residual neurologic deficit after 24 hours. MRI was not available in all patients and so was not used in the definition of TIA. Once enrolled, patients were then eligible for randomization if they had asymmetrically increased OEF by PET, with an OEF ratio .1.13 on the side of occlusion, indicating stage II hemodynamic failure. Those who had #1.13 OEF ratio were not randomized and went no further in the study. Those randomized to the surgical arm also underwent PET at 30 days after surgery. The PET threshold of 1.13 was determined by the St. Louis Carotid Occlusion Study, which examined thresholds of OEF associated with a higher rate of subsequent stroke. 7 A copy of the full protocol is available upon request.
Randomization and masking. The 1:1 randomization was performed as part of the parent clinical trial (COSS) using permuted blocks with stratification for clinical site using the SAS uniform random number generator (RANUNI). Cognitive assessments were done by testers blinded to the treatment arm as described below.
Standard protocol approvals, registrations, and patient consents. All Because hemodynamic failure in the hemisphere ipsilateral to the symptomatic carotid occlusion was hypothesized to affect predominantly functions associated with that hemisphere, as well as global cognitive function that would also depend on the integrity of that hemisphere, composite scores were generated for each patient based on the hemisphere of interest. We first transformed the raw test scores for each patient into z scores for each test in the battery, 18 derived from the published norms. We then calculated a composite z score 19, 20 based on the average z score for the appropriate set of tests for each patient (sum of the relevant z scores divided by the number of tests included). For patients with left carotid occlusion, "left hemisphere" and "global" test scores were used; for patients with right carotid occlusion, "right hemisphere" and "global" test scores were used. To test the assumptions of our hypothesis that hemisphere-specific plus global composite scores were associated with cognitive impairment in this patient population, we also performed a principal components analysis (PCA) 21 of baseline neurocognitive test scores of all enrolled patients to derive a data-driven composite score that would explain the greatest proportion of variance in baseline cognitive function.
Statistical analysis. Patients who reached a COSS endpoint
(ipsilateral stroke or death) during the 2-year follow-up period were censored from analysis. A multivariable linear regression was performed, with change in composite neurocognitive z score over 2 years as the dependent variable. The primary independent variable of interest was treatment arm (surgical vs medical). A power calculation based on definitions of small, 
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Grooved pegboard ("affected" hand) Left/right Grooved pegboard ("unaffected" hand) Global moderate, and large effect size 22 determined that we would need a total of .30 patients randomized to identify a large effect size of 0.8 SD for the primary outcome. Age, education level (#8th grade, 9-12th grade [high school], $13 years [some college]) and depression (as measured by the CES-D at 2 years) were entered into the model as covariates in a prespecified primary regression analysis. A post hoc univariate regression was also performed to identify all variables that had a significant association with cognitive z score change, with an adjustment for baseline score. Covariates with p , 0.05 in the univariate analyses were added one at a time in a forward variable selection process; only covariates with p , 0.05 after adjusting for other factors in the final multivariable model were retained. The same univariate analyses were also performed using the PCAderived composite neurocognitive z score as the dependent variable. ) . Table 2 shows baseline characteristics for the 29 patients in the analysis cohort. There were no differences in demographic, clinical, or radiologic characteristics between the groups. The average neurocognitive composite z score at baseline across all patients was 1.2 SD below the age-and education-adjusted mean (range 23.7 to 20.3); there was no difference in cognitive scores between groups at baseline. Although no patients had a diagnosis of dementia at time of enrollment, nearly all patients had scores below the means for their age, indicating mild cognitive impairment in this group. No workup for dementia was pursued since the patients were functioning normally prior to enrollment in the study. Controlling for age, education, depression, and baseline composite neurocognitive z score as prespecified for the study, there was no difference in change in composite z score between the surgical and medical groups over the 2-year follow-up period (point estimate 0.02, 95% confidence interval [CI] 20.50 to 0.54, p 5 0.93; table 3 ). Of note, the point estimate (mean) was nearly 0. Individual cognitive change scores are illustrated in figure 2 . Three patients-2 in the nonsurgical arm and 1 in the surgical arm-had contralateral strokes during the 2-year period, represented by dashed lines in the figure. They were included as per our protocol in the primary analysis.
RESULTS
The OEF PET ratio in the surgical group had a statistically significant decrease from an average of 1.24 at baseline to 1.14 at 30 days postoperatively (t 5 2.8, p 5 0.013). Only 3 of the 13 surgical patients had 30-day PET OEF ratios #1.13, the COSS threshold for randomization into the study, and none of the 13 achieved OEF ratio ,1.067, the upper limit of normal for the COSS cohort overall. The patency rate for the bypass was 98% at the 30-day postoperative point and 96% at the last follow-up in the COSS cohort, based on lowresistance, high-flow signal by Doppler. 23 We also performed a post hoc regression analysis of all collected variables against cognitive change among all patients, taking as our dataset only patients who had no stroke (ipsilateral or contralateral) in the 2-year follow-up period. We focused on this set of patients to minimize the potential cognitive effects of a new stroke. The only variable that was associated with greater improvement in 2-year composite neurocognitive z score was a less impaired PET ratio at baseline, which remained significant in the multiple regression analysis (t 5 21.73, p 5 0.045, 95% CI 5 23.41 to 20.042; see table 3 ). When the alternative, PCA-derived composite neurocognitive z score was used in the univariate analysis, PET ratio was significantly associated with cognitive change, as well as qualifying event type: TIA, indicating good concordance with our primary composite test grouping. It is possible that individual test battery components may have correlated with some of our independent variables including the treatment arm, but this analysis was not prespecified and will be explored separately. DISCUSSION Our main finding for this phase III randomized controlled trial was that there was no evidence to support superiority of EC-IC bypass surgery plus best medical therapy in preserving or improving cognition over medical therapy alone in patients with recently symptomatic carotid artery occlusion and stage II hemodynamic failure. There was a range of cognitive change scores over the 2-year follow-up period, but the change did not depend on which treatment was received. The hemodynamic hypothesis that formed the premise for this trial was supported most compellingly by studies in which cognitive impairment was found in the absence of frank stroke. An early study reported cognitive impairment in 39 cases with cerebral or retinal TIAs but no stroke on MRI. 24 No hemodynamic measurements were made in that study. A more recent study showed that, among 333 patients with asymptomatic high-grade carotid stenosis, cognitive impairment was present compared to those without carotid stenosis, and was associated with impaired cerebrovascular reactivity as measured by transcranial Doppler breath-holding index. 3 Finally, in a baseline analysis of our own RECON patients, among 71 with complete clinical data and adequate PET imaging, we showed that increased OEF ratio .1.13 was independently associated with cognitive impairment in the subset of patients with TIA as qualifying event. 4 Taken together, these results suggest that the substrate upon which the surgical intervention was intended to work was present, supporting the notion that reversing the hemodynamic failure could potentially reverse cognitive impairment. An alternative hypothesis would be that the cognitive impairment was due to hemodynamically induced, fixed injury that would not be amenable to reversal by improvement in hemodynamics.
Revascularization surgery has been reported to improve cognitive impairment in carotid artery stenosis and occlusion, although reported results have been variable and appear only in nonrandomized studies. [25] [26] [27] [28] Many early studies included nonstandardized measurement of cognition, varying clinical states among patients (stroke, TIA, asymptomatic), and no comparison group. Two reports did include quantitative blood flow measurements. First, in a single case of bilateral ICA occlusions presenting with subacute onset of severe behavioral and cognitive decline, neuropsychological improvement was demonstrated after EC-IC bypass that was associated with significant increases in cerebral blood flow (CBF) and metabolism measured by quantitative CBF and PET. 2 Second, in a larger case series, 25 patients with unilateral carotid occlusion and poor neuropsychological performance underwent EC-IC bypass, and were shown to have cognitive improvement associated with increased CBF, improved cerebral vasomotor reactivity, and improved OEF as measured by PET. 5 The cognitive outcomes in RECON were based on randomization against a control arm, which had never been done previously. There were limitations to the study, however. The first was the study's small sample size, resulting from early termination of the parent trial. Although the final number of subjects for RECON met our prestudy power calculation for detecting a large effect size (a difference of 0.8 SD in composite cognitive change score between treatment arms), it is possible that greater numbers of patients may have demonstrated a small or moderate superiority of one treatment arm or the other, although with the point estimate near zero this would have been unlikely. The 95% CI for cognitive change as shown in table 3 was 20.5 to 0.5 SD, the limits of a moderate effect size. 22 A second limitation was the presence of other variables that could have affected cognitive performance at the time of testing, including use of sedative or anticholinergic medications, medical illnesses, or sleep deprivation. We know that prevalence of sedatives was low (2 of 29 in the fully evaluated cohort), and there was no change from baseline to 2-year follow-up, so there would be low likelihood of bias. In addition, stroke itself might have affected cognitive function. In our cohort, 9 patients had previous strokes and 12 had stroke as qualifying event. Leukoaraiosis was not measured. Because the stroke numbers were equally distributed between treatment arms, however, the randomization process should have mitigated any bias that might have been present with respect to our treatment outcomes. Furthermore, previous stroke was not a predictor for cognitive decline, either in the current cohort (table 3) or in our previously published article on baseline correlates of cognitive dysfunction, in which OEF but not previous strokes correlated with (mild) cognitive impairment. 4 A third limitation may have been the relatively modest reduction in OEF ratio achieved by the bypass in our RECON cohort. Despite an outstanding surgical result in terms of graft patency, and a statistically significant improvement in OEF, only 3 of the 13 patients in the surgical arm had postoperative OEF ratio #1.13, the PET threshold for study randomization, and none of them achieved OEF ratio ,1.067, the upper limit of normal for the overall COSS cohort. Thus, our primary hypothesis regarding cognitive gains following hemodynamic improvement may not have been adequately tested. While the improvement in OEF from EC-IC bypass in the entire COSS surgical group was sufficient to reduce the subsequent risk of ipsilateral stroke in those who did not have stroke as a surgical complication, 6 the threshold for cognitive improvement might be greater. In an addition, hemodynamics may have improved over time in the medical arm, 29 perhaps due to gradual improvement in collateral flow.
Finally, our findings may be related to the aggressive medical management in both arms, including blood pressure control and administration of statins. Notably, neither the nonsurgical nor the surgical group in our cohort had cognitive deterioration over 2 years despite entering the study with some cognitive dysfunction. Despite recent concerns that statins may worsen cognitive function, 30, 31 we found no evidence for this in our study. Rather, statins [32] [33] [34] as well as blood pressure management [35] [36] [37] appear to positively affect cognitive status and have known hemodynamic effects. [38] [39] [40] Two recent surgical trials, RECON's parent trial COSS and the Stenting and Aggressive Medical Management for Preventing Recurrent stroke in Intracranial Stenosis (SAMMPRIS) study, failed to show superiority of an intervention in part due to better than expected outcomes in the medical arm. Although the outcomes in these 2 trials were recurrent stroke, it is plausible that medical therapy plays an important role in treatment of cognitive impairment.
Given the evidence from prior studies that cerebrovascular hemodynamic status is a determinant of cognitive function, it is reasonable to include cognitive outcomes in future trials of carotid revascularization, and to pursue other reperfusion interventions with greater hemodynamic efficacy and lower morbidity. Further research is needed to determine thresholds of cerebral hemodynamic failure that permit or promote cognitive improvement. For the present, however, it appears that medical therapy, including the consistent use of statins and antihypertensives, may help preserve cognition in this patient population; there is no evidence that surgical intervention with EC-IC bypass is better than medical therapy. 
